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Following the observation of a Transverse Mode Coupling Instability (TMCI) in the SPS 
[1, 2], a systematic estimate of the impedance of the various pieces of equipment installed in 
the machine has started. In this report the contribution of the Beam Position Monitor trapped 
modes to the global transverse impedance is considered. The trapped modes have been thus 
calculated with MAFIA and characterized with their resonator parameters. These impedances 
have been subsequently fed into the MOSES and HEADTAIL codes in order to evaluate the 




In the past the Transverse Mode Coupling Instability (TMCI) was a serious intensity limitation for lep-
ton beams in the SPS [3, 4]. For protons this instability was expected for high intensity proton bunches
during the SPS ppbar operation [5] and for the LHC beam, but was never observed before 2002. First
explanations of proton bunch stability were based on the difference in bunch length [5], a lowmicrowave
instability threshold leading to uncontrolled longitudinal emittance blow-up, or space charge. A possible
role of space charge in increasing proton beam stability was first suggested in [6] and confirmed in [7].
The SPS impedance reduction programme, which practically eliminated the microwave instability, was
completed during the shutdown 2000/2001. Measurements carried out in 2002 gave first evidence of a
fast transverse instability for proton bunches injected into the SPS at 26 GeV/c with small longitudinal
and transverse emittances [1]. More detailed studies were performed in 2003 [2]. The observed thresh-
old for this low emittance SPS beam was about Nb = 6 × 1010 ppb for a low longitudinal emittance
beam (z ≈ 0.2 eVs). Direct measurements of mode coupling were not done, but the observed depen-
dence of the losses on chromaticity pointed clearly into the direction of transverse instability. A first
analysis of the measurements based on analytical estimations of the MOSES code [8], and numerical
simulations with HEADTAIL [9] gave estimations of the transverse SPS impedance necessary to drive
this instability, but also revealed a strong dependence of the thresholds on the chamber geometry and on
the space charge [10]. More detailed numerical simulations done with the HEADTAIL code for the flat
SPS chamber, taking into account space charge effect and possible longitudinal mismatch, were carried
out in [7] to refine the estimation of the SPS transverse impedance.
In 2005 the suspect arose that the trapped modes in the SPS BPMs could strongly contribute to
the low TMCI threshold observed in the 2002-2003 measurements. Therefore, the BPM structure was
simulated with MAFIA and the resulting trapped modes were used in MOSES and HEADTAIL to
estimate at which bunch intensity they would cause the bunch to be unstable. Since MOSES can only
deal with one resonator at a time, the approximation used consisted in feeding it with the most severe
trapped mode alone. Also HEADTAIL could originally only deal with one resonator, but it was upgraded
to be able to simulate the interaction of a bunch with several resonators. The HEADTAIL functions and
upgrade are described in the next Section.
2 HEADTAIL upgrade with an arbitrary number of resonators
The HEADTAIL code can be used to simulate single-bunch effects due to an impedance. All the rele-
vant bunch and lattice parameters, as well as the impedance type and parameters, are basic inputs for
the tracking simulation of a full particle bunch. The kick approximation is used for the action of the
impedance on the bunch. The action is lumped in one or more points along the ring. The bunch is mod-
eled as an ensemble of Np macro-particles and it is also sub-divided into Nsl slices, which at a given
interaction section generate and interact with the wake field corresponding to a localized impedance.
Each bunch slice feels the effect of the transverse and longitudinal wake fields left behind by all the
preceding slices. Over one interaction, the momentum changes of the bunch macro-particles are com-
puted in time steps that correspond to the longitudinal slices into which the bunch is divided. Between
two interactions, the bunch is propagated around the ring, where the betatron motion in both transverse
planes is modeled by a rotation matrix. Chromaticity and amplitude detuning are taken into account
assigning momentum or amplitude depending tunes to the single particle. In the longitudinal plane two
options are available: the bunch can be longitudinally frozen, or the longitudinal motion can be fully
taken into account.
The HEADTAIL code was upgraded to model the interaction of a bunch with an arbitrary num-
ber of resonator impedances, placed at ring locations with different beta functions. This required the
introduction of a new flag in the usual HEADTAIL input file, which, if set to 1, allows all the values
describing the resonators and their locations to be loaded from a separated file. The new additional input
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file has a simple structure, in which each line (in the format: βx [m], βy [m], Zt [MΩ/m], ωr/2π [GHz],
Q) describes a resonator. Hence, there are many kick points around the ring, each one modeling the
interaction with a resonator impedance having different parameters. The number of kicks is therefore
defined by the number of lines of the additional input file, and is set to it, if this number should differ
from the one given in the usual HEADTAIL input file.
3 BPM impedances and TMCI thresholds
To investigate on the possibility that the trapped modes in the BPMs play a key role in the observed
TMCI, these modes have been singled out with a MAFIA analysis of the BPM structure (both for the
horizontal and the vertical BPMs) and the resulting impedances have been used as inputs for MOSES
and HEADTAIL in order to predict the TMCI threshold that they would cause on an SPS bunch.
3.1 Summary of the impedance calculations using MAFIA
The results of the MAFIA calculation of the BPM trapped modes are summarized in Table 1.
Table 1: Parameters of the trapped modes in the SPS BPMs (108 in each plane).
βx [m] βy [m] ωr/2π [GHz] Zt [MΩ/m] Q
BPH 103 21 0.54 4.6 1951
BPH 103 21 1.84 2.35 3367
BPV 22 101 0.79 1.67 2366
BPV 22 101 2.27 2.05 5880
Several resonances are found in the SPS BPM structure (in both planes), but in the tables only the
two main ones both for the horizontal BPMs (BPH) and for the vertical ones (BPV) are considered. The
ratios Zt/Q in the order of 1 kΩ/m per BPM (which means some tenths of MΩ/m as global impedance
from 108 units for each type) are somewhat lower than the extrapolated Zt/Q value in broad band mod-
eling (in the order of 10 MΩ/m with Q = 1, see [7]). That is why a detailed HEADTAIL analysis with
all the modes had to be carried out, in order to be sure that the narrow band structure of the resonators
as well as the possible interplay between different modes would not contribute to lowering the expected
threshold values.
3.2 TMCI thresholds with MOSES and HEADTAIL
MOSES and HEADTAIL were used to find the TMCI threshold expected in the SPS, due to the trapped
modes of the BPMs alone.
Since MOSES can be only used with one resonator, the TMCI threshold calculation was carried out
by assuming that the lowest frequency trapped mode of the BPHs would be the main responsible for
the instability (since it is associated to the highest Zt/Q ratio). SPS parameters as listed in Table 2
were used. The calculation of the bunch oscillation modes done with MOSES yields the results shown
in Figs. 1. The first two azimuthal modes that couple are 0 and -1, which causes a relatively weak
instability at a threshold of about 10 mA, corresponding to 1.4 × 1012 ppb. A stronger contribution to
the instability would come at about 14 mA, when the azimuthal modes -1 (but a different radial mode
than the one that coupled with the 0 mode) and -2 couple.
Using the predictions from MOSES, HEADTAIL was run for bunch currents between 0.5 and
2×1012. If the influence of the lower resonators would not turn out to be very strong, the instability
threshold would most probably fall within this range. Results from simulations show that a strong in-
stability manifests itself at about Nb = 1012 ppb. This is shown in Figs. 2, where the vertical centroid
3
Table 2: SPS parameters used in the simulation
Parameter Symbol (unit) Value
Momentum p0 (GeV/c) 26
Bunch intensity Nb(×1011) 5-20
Bunch length (1·σ) σz (m) 0.2
Momentum spread (1·σ) δp/p0 10−3
Norm. r.m.s. emittances x,y (µm) 2.5/2.5
Mom. compaction α 1.92× 10−3
Tunes Qx,y 26.185/26.13
Chromaticities ξx,y corrected, corrected
RF voltage V (MV) 0.6
Harmonic number h 4620
Figure 1: MOSES pictures that show the shifts of the real part of the modes (top plot), associated to the tune line
shifts, and the imaginary parts (bottom plot), associated to an instability when they become different from zero.
motion appears to be stable for Nb = 9 × 1011 and clearly unstable for Nb = 1.1 × 1012 ppb. The run
at Nb = 7× 1011 also shows a possible growing trend, nevertheless the short simulation time does not
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allow to draw any conclusion. In fact, the simulations only covered 1024 turns, since the needed 4 inter-
actions per turn slowed the execution of the program significantly. Looking at the tune shifts (Figs. 3)
we observe however that, in spite of the slow shift of the 0 line, the strong instability seems to appear
between the -2 and -1 modes. This would be an indication that the threshold at Nb = 1012 ppb repre-
sents rather the coupling between modes -2 and -1, which MOSES predicted at about Nb = 2 × 1012
using only one resonator, whereas the weak coupling between modes 0 and -1 would occur at a lower
threshold (ca. Nb = 7× 1011). This seems to be also confirmed by the fact that there is a traveling wave
pattern on the bunch signal even below Nb = 1012 ppb. Overlapped snapshots of the difference signal
taken along the bunch are plotted in Figs. 4 forNb = 9×1011 andNb = 1012 ppb and show that coherent
motion is certainly already present below Nb = 1012 ppb. The threshold predicted with the simulations
using all the trapped modes from BPMs is therefore about a factor 2 lower than the one predicted by
MOSES using only the strongest resonator, but it is still about one order of magnitude higher than the
measured value.
4 Conclusions
The impedance of the SPS BPMs has been thoroughly characterized through detailed MAFIA calcula-
tions. Subsequently, simulations done with MOSES and HEADTAIL, and using as input the impedance
of the BPM trapped modes as previously calculated, show thresholds for TMCI which are about one
order of magnitude above the value measured in 2002-2003. Thus, we can conclude that the BPMs
cannot be held as the main responsible for the TMCI observed in the SPS with low emittance bunches.
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Figure 4: Difference signal profiles along the bunch for the cases Nb = 9× 1011 and Nb = 1012 ppb.
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